The streptomycetes comprise a group of coenocytic filamentous microorganisms having many biological properties in common with the true bacteria, although superficially resembling the asexual molds. The industrial importance of certain species has focused considerable attention on the group as a whole. A wealth of information is available relating to their taxonomy, morphology, biochemistry, and other traits,' but, at the time the present work was begun, no experimental evidence for the existence of a sexual cycle within this group was available. The purpose of these studies was to survey the genus Streptomyces from the aspect of genetic interactions, to throw some light on the genetic mechanisms operating within these microorganisms, and to develop methods for controlled breeding experiments. Standard techniques for recombination analysis2 in bacteria and for the study of heterokaryosis and sexual or parasexual reproduction in filamentous fungi were modified and applied to the streptomycetes. There were two main approaches: genetic analysis employing biochemically marked mutant strains, and cytological examination. The property of vegetative reproduction by the formation of uninucleate conidia proved to be useful.
The streptomycetes comprise a group of coenocytic filamentous microorganisms having many biological properties in common with the true bacteria, although superficially resembling the asexual molds. The industrial importance of certain species has focused considerable attention on the group as a whole. A wealth of information is available relating to their taxonomy, morphology, biochemistry, and other traits,' but, at the time the present work was begun, no experimental evidence for the existence of a sexual cycle within this group was available. The purpose of these studies was to survey the genus Streptomyces from the aspect of genetic interactions, to throw some light on the genetic mechanisms operating within these microorganisms, and to develop methods for controlled breeding experiments. Standard techniques for recombination analysis2 in bacteria and for the study of heterokaryosis and sexual or parasexual reproduction in filamentous fungi were modified and applied to the streptomycetes. There were two main approaches: genetic analysis employing biochemically marked mutant strains, and cytological examination. The property of vegetative reproduction by the formation of uninucleate conidia proved to be useful.
Cytological Studies. A colony of streptomyces is composed of three major elements: vegetative mycelium, aerial mycelium, and conidia formed in chains at the tips of the aerial hyphae. The nuclear structure of these elements was studied by light microscopy, utilizing the thionin stain with modifications described by HunterSzybalska et al.3 Conidia of all the streptomyces species employed in this study appeared to be uninuclear, a very convenient feature for genetic studies. These nuclei divided after the conidia had been incubated approximately 3 hours in nutrient broth at 280 C. Germination with the production of one to two germination tubes occurred as early as 3 hours (S. griseus) to as late as 6 hours (S. fradiae), with still greater variation for several deficient mutants. The resulting vegetative mycelium was of very small diameter, varying from 0.6 to 0.8 ,u, and was filled with an average of 8 chromatinic bodies for every 10 jA of length. The aerial mycelium was of approximately double thickness and exhibited a more distinct nuclear structure. No figures indicative of hyphal fusion and exchange of nuclei were observed with the species employed, in accordance with the genetic data, which imply a low frequency of heterokaryon formation. Visual observation of anastomosis was recently described by Gregory,4 and the nuclear cytology of Streptomyces sp. T-12 has been discussed by McGregor.5 Isolation of Mutant Strains.-The procedure for the isolation of nutritionally deficient mutants comprised several steps. A homogeneous, filtered suspension of conidia in saline was irradiated with ultraviolet light at a dose permitting 1-10 per cent survival. This procedure increased the percentage of some types of mutants but was not always helpful.
The purpose of the next step was to increase the proportion of mutants in the irradiated suspension. The penicillin technique,6 widely employed with bacteria, could not be successfully applied to streptomycetes. Several other antibiotics, including tyrocidin, novobiocin, catenulin, and mycomycetin, were also unsatisfactory, in that they either had no conidiocidal activity or failed to show any selective killing of germinating conidia. The filamentous character of streptomycetes suggested application of the filtration method, which was originally developed by Fries7 for the fungus Ophiostoma. This method takes advantage of the fact that conidia which are allowed to germinate and produce mycelial growth will not pass through filter paper. After overnight incubation of a streptomyces conidial suspension in unsupplemented minimal broth,8 there was over 90 per cent germination and mycelium formation by the prototrophic component, while virtually all the auxotrophic conidia remained unchanged. Subsequent filtration through sterile Whatman No. 2 filter paper resulted in a ten to fifty fold increase in the proportion of mutants. A very desirable feature of this method was the elimination of most of the partially blocked or "leaky" mutants, which germinate even in unsupplemented minimal medium, forming a small amount of mycelium before growth ceases. This latter type of mutant was frequently encountered before the filtration step was introduced into the isolation procedure.
After filtration, the recovery of auxotrophic mutants was accomplished either by the replica-plating technique employing velveteen pads9 or its modification by Szybalski,'0 which utilizes a stamp fitted with 300-2,000 needles in an orderly arrangement.1' The latter method has two main advantages: more colonies can be transferred per plate without overlapping and smearing, and the identification of a particular mutant colony is facilitated by the orderly arrangement of the colonies (Fig. 1 ). Mutants were purified and identified by the auxanographic technique.
The procedure for the isolation of strains with multiple deficiencies was very similar to that described above. For the development of antibiotic-resistant mutants, the gradient-plate technique was employed.'2 Instability of marked strains stored at 20C. on nutrient agar slants was occasionally encountered. For this reason, once or twice a year, strains were tested, purified, and lyophilized. The stability of lyophilized strains has not yet been determined on a large scale.
Nutritionally marked strains represented the following species: S. albuys ( were seeded with 108 conidia of strains 6F4-1 (met-, isl-, SM8) and 6FS-16 (his-, arg-, SMR), respectively. Dish 2, which received a mixture of parental conidia, shows the formation of prototrophic colonies.
VOL. 43, 1957 that employed in the early crossing experiments with bacteria.2 Conidial suspensions of mutants 4B24 and 4B26, histidine-and cysteine-deficient respectively, were spread on separate control plates of minimal agar and mixed together on a third similar plate, allowing a total of approximately 108 conidia per plate. After 4-6 days' incubation, 50-200 colonies appeared on the test plate inoculated with both mutants, while there was no growth on the control plates (Fig. 2) . These colonies could be perpetuated on minimal agar only by massive conidial inoculation or by transfer of colonial fragments; single conidia grew only in the presence of the amino acids required by the parental stocks. These observations were consistent with the interpretation that the prototrophically growing colonies were of heterokaryotic origin, carrying both types of parental nuclei in the same mycelium.13 More critical confirmation of heterokaryosis came from experiments in which small mycelial fragments, isolated by micromanipulation, were shown to give rise to prototrophically growing colonies. A test for syntrophy, performed by streaking heavy inocula of the parental strains in close proximity on minimal agar, was negative. The cumulative results of the above experiments justify the elimination of syntrophy as an alternative explanation for the emergence of prototrophic colonies. The absence of syntrophy and undesirable background growth with most of the mutants employed, as opposed to the pronounced syntrophy and thus higher yield of heterokaryons reported by Bradley and Lederberg,18 reflects the use of the filtration technique in the isolation of obligate auxotrophic mutants.
Survey of Streptomycetes for the Occurrence of Heterokaryosis.-After heterokaryosis had been demonstrated between mutants derived from the same strain of S. griseus, strains of other species were put to the same test. Furthermore, heterokaryotic crosses were attempted between mutants derived from strains of diverse sources, belonging to the same or different species. Conidia participating in each cross were from two different sources: cultures of parental strains grown separately, and a mixed parental culture previously incubated for 10 days on a nutrient agar slant. Otherwise, the procedure was the same as in the preliminary experiments.
As before, the inclusion of controls was designed to assess the rate of prototrophic reversion of the parental stocks and the contribution of syntrophy.
The results presented in Table 1 show three types of response. In the majority of the crosses between derivatives of the same strain, heterokaryotic colonies were formed when parental conidia came in close contact on the selective medium (minimal agar). In all these cases, the second test, which employed a conidial suspension derived from a mixed culture of the parents, also gave rise to the formation of prototrophic, heterokaryotic colonies, provided that the inoculum was at least 108 conidia per plate. In the case of S. coelicolor, no prototrophic colonies were formed directly from conidia on minimal agar, but inocula derived from mixed growth of the parents gave rise to a few stable prototrophic colonies. These were shown not to be of heterokaryotic nature and will be discussed in the following section on synkaryosis. Heterokaryotic growth of S. coelicolor mutants could be produced in the form of an outgrowth between two closely spaced parental colonies grown on minimal agar sparsely supplemented with nutrient broth (1.5 gm/liter). sionally observed in crosses between doubly deficient strains of S. fradiae on minimal medium supplemented with two out of four required amino acids, in combinations, which would not permit growth of any of the parents. Some of the heterokaryotic colonies obtained under such selective conditions could not be perpetuated on minimal agar, unless one or two of the amino acids previously used in the selective medium were present. However, they produced both unaltered types of parental conidia, in analogy with the "anomalous heterokaryons" described by Bradley and Lederberg. 3 Shifts in the nuclear ratios in such heterokaryotic mycelia might be responsible for this behavior.
Crosses between certain mutants derived from the same strain and all the crosses between mutants of diverse origin, whether or not the parental strains were classified in the same species, invariably were negative, i.e., no prototrophic, heterokaryotic colonies were produced.16 Incompatibility between different strains might have important taxonomic significance and should be the subject of more inclusive studies. A system analogous to the SRP type of cross, employed by Lederberg"6 for the survey of sexual compatibility among Escherichia coli strains, would facilitate a broader survey of streptomyces strains for heterokaryotic compatibility. An attempt to develop such a system, however, showed the property of streptomycin resistance to be recessive in heterokaryotic mycelia; heterokaryons between streptomycin-resistant and -sensitive strains could not be formed or easily propagated on streptomycin-containing minimal agar. A search for a dominant resistance marker is under way.
Synkaryosis among Streptomycetes.-After the establishment of a heterokaryon, a more intimate association between the unlike parental nuclei in the same cytoplasm may result in occasional nuclear fusion and the formation of a more or less transient heterozygous diploid nucleus. This second type of genetic interaction, denoted "synkaryosis," was hitherto demonstrated only with S. fradiae and S. coelicolor.14, 17, 20 The latter is the organism of choice for experimentation because of a reasonably high frequency of synkaryosis and because, with the mutants employed, no heterokaryotic colonies were formed from a mixture of parental conidia on selective, minimal agar. The test for synkaryosis was analogous to crossing experiments with asexual fungi.2 Heterokaryotic growth was allowed to form between the parental strains on complete or selective media, and the resulting conidia were analyzed for their growth requirements. The detection of conidia which subsequently bred true and exhibited different combinations of non-parental markers was considered as indicative of synkaryosis, as opposed to heterokaryosis, where only parental types of conidia are produced.
In the crossing procedure for S. coelicolor,18 a mixture of parental conidia was incubated on nutrient agar for 8 days, and then the harvested conidia were plated on minimal media supplemented with two out of the four amino acids required by the parents in combinations which would not permit growth of either parent. The resulting colonies proved to be stable recombinants; the results of a typical experiment are summarized in Table 2. Table 3 karyons between amino acid-requiring mutants of the last species, and occasionally of other species were "nutritionally unbalanced," i.e., did not grow on minimal media unless at least a portion of the parental requirements was supplied.
Synkaryosis is the fusion of unlike nuclei within heterokaryons and subsequent reassortment of genetic characters to yield conidia of recombinant types. Two species, S. coelicolor and S. fradiae, have exhibited the synkaryotic type of interaction, although the quantitative results were strongly biased by apparent selective forces active during the period intervening between the actual karyogamy and the scoring of recombinant colonies.
